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hinhP than 26% AMO A new 8 cm2 ce || design developed for a two-terminal and voltage-matched 

described. Results of environmental tests conducted with these thin film GaAs/CulnSe2 tandem ceils a e 
summarized. 

1. Introduction 

and are considered one of the most promising devices for planar solar array applications (ref.1 ). 

The top and bottom cells of GaAs (AIGaAs) and CulnSe 2 were chosen due \c » its ; higt 
associated with its band gap combination (ref. 2), relatively good radiation resistance of GaAs (AIGaAs cells 
and superb radiation resistance of CulnSe 2 cells compared to S. solar cells (ref. 3 and 4). The 

minimizing weight incurred from heavy semiconductor materials. 


2. Technology Status 

tprhniaue (ref 51 usina MOCVD for cell structure growth. The CdZnS/CulnSe2 (CIS) lower cell was fab 
(reM^fand^^Electffca^^ cond^ctetTirfthTfou^^^^ ^un and 
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Sa^aS -I » XT - 10 simula,or and a dPL batton ■* 

2.1 Cell Efficiency and Cell Design 

Cell efficiencies have continuosly improved from 17.4% to 23.1% since the Boeing and Kopin started their 
J°'" /f S p. arch Cel1 Slze also ha s progressed from the initial 1 cm 2 to the current 8 cm 2 durina the same 

L 9). Ihe h^^^ tar^ln S 

potential at the end-of-life (EOL) as well as a. the begta&of ^BOlflS.!!) Pa"or™hce 

SSwSsSSSS^l 

A recently developed monolithic interconnection method in the GaAs (CLEFT) fabrication nrorocc t, af im 

iSSP^iH^I 

223 ' 21 3 ’ a " d 207% are pr °i ected at 28 °- 4 °°' 5 5 o, and 70° C , 

2.2. Cell Weight 

aKBCSS" ,or ,he GaAac,s ,andem •* 
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2.3. Environmental Effects 

Since the main contributor to the performance degradation of space solar arrays is proton a ^ d electron 
raSSton the effects of these particles on individual cell devices and structures have been extensively 

studied. These studies have reaffirmed the superior radiation resistance of CIS s0 '^ c ?'f ^ells^how n2 
with GaAs and Si at comparable proton and electron energies and fluences. CIS solar cells show no 

measurable degradation occurs when irradiated with 1 .0 and 2.0 MeV electrons to a total fluence of 5x10 
cm-2. In addition. CIS solar cells are a factor of ten more radiation resistant “ P»«on 
and 0.2 MeV energies as compared to GaAs solar cells. These same stud ^( e ^ 

cells indicated that the double heterostructure structure is as radiation resistant as the GaAs bulk cells with i.o 
MeV Drotons and are slightly more radiation resistant at both the 1.0 MeV electron and 200 keV proton 
eneraies A recent experiment was designed and conducted to optimize the GaAs double heterostructure for 
a particular mission's end-of-life (EOL) criteria. The designed experiment consisted of a systematic variation of 
th^doDina tevels and/or thicknesses of the base and emitter layers. The cell efficiencies for the entire 
experimental matrix are plotted as a function of proton fluence in Figure 7. The EOL efficiencies required for 
the particular mission are indicated by stars in the figure and were met and exceeded by °Pt.m | zed ceH 
structure. The degradation curve indicated in the figure corresponds to this cell structure and s 
representative of the parameters currently used for the devices being fabricated. It was observed 0 
study that the lower doping in the base structure of the GaAs CLEFT cell improved the radiation resistance 
while the doping level in the emitter had little effect. 

Thermal cvclina tests were conducted on these tandem solar cells to confirm the survivability of the devices 
Sring the echpse pL^e of a given mission. The performance of the tandem solar cells showed negligible 
deg radatton when SJc.ed from 9 + 80°C to -100-C up to 850 cycles, (ref. 1) Hum, djy tests ' Pf onued on the 
tandem solar cells and unencapsulated CIS solar cells show no degradation when exposed to 80 C and 80 /o 
relative humidity for a total of 175 days. These tests results along with addition environmental tests performed 
on these cells which include UV illumination, off-angle tests and vacuum stability, are summarized in Table 2. 

2.4 Array level analysis 

On-orbit array level circuit performance analysis was conducted to compare the impacts 
technologies for three generic orbit applications (low earth orbit (LEO), med-earth orbit ( ME .0)- 
geosynchronous earth orbit (GEO)) and showed that this tandem approach provides significant array weight 
and area savings over other cell technologies such as silicon or GaAs(Ge) (ref .3). Electrical i ^trina 
demonstration panels fabricated was conducted to confirm optimized circuit configuration. A 30 cell string 
panel demonstrated 21 .7% AMO efficiency at 28 °C based on the nominal cell area including grid lines using 
the parallel-connected circuit unit of three series-connected CIS cells and three parallel-connected GaAs cells. 
KSSS picture ot the panel are shovrn in Figure 8 (ref.12). The temperature coellicenl 

for this string was calculated to be 2300 ppm/°C. 

2.5. Manufacturing process development 

Most of our recent effort has been focused on high throughput cell fabrication process development A major 
cell fabrication cost reduction is expected to be achieved through the reuse of expensive GaAs subst 
material Substrate reuse has been demonstrated by fabricating GaAs CLEFT devices on ^ used a " d 
polished wafers. Performance of devices fabricated on reused substrates was comparable to the controls built 
on the fresh GaAs wafers. Using an optimized GaAs CLEFT structure for the EOL performance with the base 
lined double layer AR coating on the front, we were able to fabricate more than 50 tandem cells averaging a 
BOL efficiency of 21.1% with a standard deviation of 0.7%. These results in addition to the ones of tens o 
watts of tandem cells fabricated in the past confirmed the producibility and consistency of our current process 
even though our effort to reduce cell fabrication cost still continues. 

3. Future Direction 

Much higher performance improvement is expected when the current GaAs top absorber is placed b V 
quality AIGaAs material since the band gap of the CulnSe 2 cell is better matched to the band gap o 
AIGaAs than the GaAs. A 26% AMO efficiency is projected for the beginning-of-life (BOL) for this device 
without any further structural change (ref.1). Furthermore, this AIGaAs/CulnSe 2 tandem cell 
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significantly more EOL power output than other cell technologies (ref. 6 ). Figure 9 shows the calculated 
? a u t nC !? n l 0f 10 electron fluence based on the reasonable BOL efSeriils assum^ 
for the different cell technologies (14.5% for thin Si, 19% for GaAs, 2.5% for CIS under GaAs 5 2% for CIS 

a Pl, !o % f0 ! ^ aAs) ' Radiation characteritics of different cells used in this analysis are found in 
in8 literature (ret, 4,13, and 14). 

Tandem cell fabrication cost can be significantly reduced utilizing an even larger two-terminal cell desiqn After 
confirming two-terminal device configuration using the current 2 cm x 4 cm cell design, new cell designs of 4 x 

4 cm and 7 x 7 cm are planned for the 3 inch and the 4 inch GaAs wafer substrate, respectively These 
future cell designs will be for high voltage applications and further optimized for the end system use because 
monolithic interconnection on the GaAs CLEFT cell level is possible using the new process describe 
elsewhere (ref. 10). Since both cells can be interconnected on the cell level to form high voltaqe device a 
new two-terminal design with any combination of subcell ratio will be available for any specified mission 
environment. This new voltage-matched and two-terminal design can replace any single junction solar cell on 
the existing array to minimize wiring complexity and thus, reduce array fabrication cost. 

Structural changes such as the replacement of the window layer of the CIS cell and replacing or eliminating 
Dow Coming adhesive in the stack will improve the device performance even further or increase the surviving 
tasks 6ra Ure ran9S ° f th ' S tandem cel1 ' Conce P ,s are being developed to address these intermediate-term 

Demonstration experiments utilizing these tandem cells are currently being prepared to confirm the viability of 
PAS r P "f S - (Photovoltaic Array Space Power Plus Diagnostics) flight experiment 
conducted by Air Force will contain two strings of two-terminal GaAs/CIS tandem cells. We expect to collect 
significant space flight data on these cells by 1993. 

4. Summary 

High-efficiency thin-film GaAs/CIS tandem cells have been developed for planar solar array applications. 

t^lwl^ Cie n 23 J° /o . AM0 have been demonstrated based on four-terminal 4 cm2 ce || design. The 
a dem cells fabricated using our base line process exhibited a reasonable yield and a satisfactory scatter in 

arr " anca - A new 8 cm cell design utilizing the configuration of two-terminal and voltage-matching 
davelop ® d [° ™ n '™ e wirin 9 complexity at the array level. Further performance improvement is 

m 3 thio ^nH^ a ^ S CLEF 7 top u, e " ,S used in the ,andem stac *< Environmental test results conducted 
using these tandem cells were favorable, and the tandem cells are ready for space flight experiment. 
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Table 1. Projected Two-terminal Performance 


Temp 

Voc (V) 

JSC (mA/cm 2 ) 

Fill Factor (%) 

Efficiency(%) 

28°C 

1.012 

.298 

.83 

22.80 

40°C 

0.990 

.298 

.83 

22.30 

55°C 

0.965 

.301 

.82 

21.30 

70°C 

.935 

.302 

.81 

20.70 


Table 2. Summary of environmental tests performed on GaAs/CIS tandem solar cells 


Environmental Test 

Test Ranqe 

Results 

Electron Irradiation 

1.0 and 2.0 MeV 
Fluences to 5.0 x 10^ cm* 2 

CIS; nodegradation 

GaAs; same as bulk 
GaAs 

Proton irradiation 

0.2, 0.4, 0.8, 1.0, and 2.0 MeV; 
Fluences to 10 13 cm* 2 

CIS; Factor of ten 
more radiation 
resistant 

GaAs; Some 
energies show more 
radiation resistant 
than bulk GaAs 

Thermal Cycling 

+80°C to -100°C; 850 cylcles 

Negligible 

degradation 

UV Exposure 

3 month AMO equivalent 

No UV degradation 

Photo Illumination 

1 64 hrs continuous illumination 

No degradation 

Off-Angle Performance 

Normal to 50°C off-anqle 

Follows cosine law 

Vacuum Stability 

10*7 torr vacuum pressure 
25°C to 110°C 

No measurable 
difference to ambient 
pressure 
measurements 
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- Bottom Adhesive (2 mil) 
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- Glass substrate (2-18 mil) 


Vertical dimensions not to scale 
Figure 1. Schematic of Tandem Cell Structure 
Grid contact AR coating 



Figure 2. Cross Sectional View of CulnSe2 Cell 



Figure 3. Cross Sectional View of GaAs Thin-film Cell 
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21.1% 4 cm 2 
GaAs/CIS tandem 
cell demonstrated 

V 

21.6%, 4cm 2 
GaAs/CIS tandem 
cell demonstrated 

V 



1987 

1988 

1989 

1990 

1991 1 

A 

17.4%, 1cm 2 
GaAs/CIS 
tandem cell 
demonstrated 

A 

21.3% 1 cm 2 
GaAs/CIS 
tandem cell 
demonstrated 

A 

23.1%, 4cm 2 
GaAs/CIS 
tandem cell 
demonstrated 

A 

5.2% CIS 
under AIGaAs 
filter 

demonstrated 

1 

A 

GaAs/CIS 8cm 2 
voltage-matched 
two-terminal device 
demonstrated 


Figure 4. Key Milesones of GaAs(AIGaAs)/CIS Tandem Cell Project 



Figure 5. The GaAs CLEFT Cells (8 cm 2 each ) Figure 6. Two CIS Cells Containing 

Four Monotthicaly Interconneted 
Subcels (8 crrPeecti) 
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Figure 7. Efficiency Degradation Curves of GaAs CLEFT Cells 
with Various Device Parameters vs. 1 MeV Proton Fluence 
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&• 03 [ Efficiency = 21 


Voc = 10.03V 
Isc — 45 1 .5 mA 
Vmax = 8.50V 
imax =420.0 mA 
FF= 78.8% 


Voltage (volts) 


Figure 8. Voltage-matched 30 GaAs/CIS tandem Cell Demonstration Panel and l-V Curves 
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Figure 9. Calculated Cell Power Output as a Function of 1 MeV Electron Fluence 
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